A marked cellular infiltrate has been observed when endotoxin (lipopolysaccharide [LPS]) is injected into the mouse eye, but systemically injected LPS does not produce a comparable effect. Several hypotheses were tested to reconcile this discordance. METHODS. BALB/c mice were injected intravitreally (ivt) or intraperitoneally (ip) with Escherichia coli LPS. Uveitis was assessed by traditional and intravital microscopy. Cytokine levels in the eye, plasma, or spleen were measured by single or multiplex ELISA assays. RESULTS. The eye's higher sensitivity was confirmed to local LPS exposure, as 250 ng ivt LPS produced a brisk leukocytic infiltrate whereas ip injection of 100 g LPS did not. The hypothesis was tested that the lack of a cellular infiltrate after ip LPS is explained by less induction of cytokines in the eye, but surprisingly, ip LPS resulted in comparable cytokine levels to ivt LPS. The hypothesis was disproved that the eye's sensitivity to local LPS is due to lack of expression of intracellular inhibitors of LPS such as A20, IRAK-M, or SARM. Finally, the hypothesis that systemic LPS inhibits diapedesis was tested by injection of LPS ip and ivt simultaneously, a strategy that did not significantly reduce leukocyte rolling or sticking in iris vessels but blocked the cellular infiltrate normally seen with ivt LPS. CONCLUSIONS. Systemic and local LPS exposures produce discordant effects within the murine eye. The hypothesis that systemic LPS desensitizes leukocytes to the stimuli responsible for transmigration offers a plausible explanation for this discordance. (Invest Ophthalmol Vis Sci.
1 the early onset, in comparison to diseases like diabetic retinopathy and macular degeneration, makes uveitis roughly comparable to diabetes in terms of years of visual loss within the population.
Uveitis can be induced in laboratory animals through a variety of paradigms, just as uveitis clinically is a heterogeneous collection of diseases. 2 Endotoxin-induced uveitis (EIU) in rats was first described in 1980 3 and remains one of the most frequently studied animal models of acute inflammatory uveitis. The systemic injection of endotoxin, also known as lipopolysaccharide (LPS), in most strains of rats produces a brisk, but transient, leukocyte infiltrate in the eye, especially in the anterior uveal tract. Mice are also susceptible to LPS-induced eye inflammation, but we and others have observed only a very scant cellular infiltrate in the anterior uveal tract after LPS is injected systemically. 4 If, however, the LPS is injected into the vitreous of a mouse eye, a marked cellular infiltration occurs. 5 The differences in the murine eye's responsiveness to local versus systemic LPS exposure remain unexplained. We tested three hypotheses to investigate these differing responses: (1) locally injected LPS induces a greater inflammatory response than systemic LPS, because of increased cytokine synthesis; (2) locally injected LPS fails to induce one or more of the known negative regulators of LPS, such as A20, SARM, or IRAK-M; and (3) systemic LPS desensitizes circulating leukocytes to chemotactic stimuli, such that the leukocytes fail to enter the eye.
METHODS

Mice
These studies were performed with female BALB/c mice (Jackson Laboratories, Bar Harbor, ME) between the ages of 8 and 10 weeks. Animals were fed standard laboratory chow and water ad libitum. The use of the animals was reviewed and approved by the OHSU Institutional Animal Care and Use Committee and conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Induction of EIU
Escherichia coli 0111:B4 LPS (InvivoGen; San Diego, CA) was dissolved in pyrogen-free phosphate-buffered saline (PBS). Mice were administered either an intraperitoneal (ip) injection of 25 or 100 g LPS in 200 L or an intravitreal (ivt) injection of 250 ng LPS in 2 to 4 L. The ivt injections were performed as previously described, 5, 6 in animals under 1.7% isoflurane anesthesia, with a 30-gauge needle, taking special care to avoid touching the lens. Control mice were injected with PBS alone.
Leukocyte Counts and Flow Cytometric Analysis
Total white blood cell counts were obtained with a hemocytometer. The effect on circulating neutrophil numbers was quantified by flow cytometry using the neutrophil-specific marker Ly-6G conjugated to phycoerythrin (PE) and its PE-conjugated isotype control (BD Pharmingen, San Jose, CA), as previously described. 7 From the 1 Casey Eye Institute and the Departments of 2 Medicine, 3 Cell and Developmental Biology, and
Intravital Microscopy
Intravital microscopy was used to measure the ongoing in vivo leukocyte response within the iris vasculature and extravascular tissue at the indicated times after ivt or ip LPS injection. At the time of videomicroscopy, mice were injected ip with rhodamine 6G (35 mg/kg, SigmaAldrich, St. Louis, MO) to label circulating leukocytes. After anesthesia with 1.7% isoflurane in oxygen, 10-second black-and-white videos from three independent regions of the iris vasculature were captured with a video camera (Kappa Scientific, Gleichen, Germany) on an epifluorescence microscope (Orthoplan; Leica, Wetzlar, Germany). Measurements of the diameter and length of each vessel segment or iris tissue and counts of rolling, adhering, and infiltrating leukocytes were made off-line with ImageJ software as previously described (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html).
8,9
Histopathology
The mice were euthanatized and the eyes harvested between 4 and 24 hours after LPS or saline injections. The eyes were formalin-fixed overnight and embedded in paraffin. Seven-micrometer sections were cut through the pupillary-optic nerve axis at four different depths and then stained with hematoxylin and eosin (H&E). The number of infiltrating leukocytes within the anterior and posterior chambers, but not the vitreous chamber, in four sections at each of the four different levels was determined by a masked observer.
Cytokine Analysis
Protein was purified from whole eyes, dissected eye tissues (pools from eight mice) or spleen in lysis buffer containing 20 mM Tris-HCl (pH 7.6), 100 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, supplemented with 0.1 mg/mL phenylmethylsulfonyl fluoride and a protease cocktail inhibitor (Complete Mini; Roche, Mannheim, Germany), as previously published. 7 Plasma was obtained by centrifuging approximately 1 mL of blood collected in tubes with 50 L of 10 USP units/mL heparin flushing solution (Hepflush-10; APP Pharmaceutical, Schaumburg, IL). Protein concentrations were measured with BCA reactions (PierceEndogen, Rockford, IL). Cytokine levels were measured by standard ELISAs per the manufacturer's instructions (R&D Systems, Minneapolis, MN), except for the experiment in Figure 2 , in which a multiplex ELISA was used (Luminex; Millipore, Billerica, MA). In the case of the ELISAs, particulates were first removed by centrifugation in filter tubes (0.22 m; Millipore) and the ELISA data were analyzed on computer (BeadView Multiplex Analysis Software, ver. 1.0; Upstate Cell Signaling Solutions).
Immunoblot Analysis
Immunoblot analysis was performed as previously published 10 on equal amounts of protein extracted as described above. Samples were separated on a 12% polyacrylamide gel (Bio-Rad, Hercules, CA), transferred onto polyvinylidene difluoride (Millipore) membrane, and blocked with PBS containing 5% nonfat milk and 0.1% Tween (SigmaAldrich). Primary antibodies to A20 (rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA), SARM (rabbit polyclonal; Abcam, Cambridge, MA), IRAK-M (rabbit polyclonal; Prosci, Poway, CA), and ␤-actin (clone AC-15; Sigma-Aldrich) were used. The near-infrared (NIR) signal was detected using NIR fluorophore-labeled secondary antibodies (goat anti-rabbit IgG with IRDye 680 and goat anti-mouse IgG with IRDye 800CW; LI-COR, Lincoln, NE), which were detected with a scanner and software (Odyssey; LI-COR).
Statistical Analysis
Data are reported as the mean Ϯ SEM. Mean differences were compared and significant differences were determined by Student's t-test or ANOVA, as appropriate. Differences are considered statistically significant when P Ͻ 0.05.
RESULTS
In pilot experiments, we were unable to find a dose of ipinjected LPS that produced a robust uveitis. In one set of mice, an optimal dose of 100 g LPS resulted in only 3.6 Ϯ 1.6 cells/section (n ϭ 5) in the anterior and posterior chambers at 4 hours after injection and 12.8 Ϯ 0.9 cells/section (n ϭ 6) at 24 hours after injection. In contrast, ivt injection of another set of mice with 250 ng of LPS resulted in 341 Ϯ 112 cells/section (n ϭ 4) at 4 hours, which decreased to 24.4 Ϯ 14.5 cells/ section (n ϭ 6) at 24 hours. Because these studies were not done simultaneously, we elected not to compare the number of cells by a statistical test, but the observations are consistent with what we and others have previously reported. 4, 11, 12 It is not unusual to observe that a small dose of LPS injected into the eye produces 100 times the number of cells within the eye compared to that induced by a relatively large dose injected systemically. Representative histologic sections of eyes that display these differences are shown in Figure 1A .
Intravital microscopy allows us to quantify leukocyte behavior in iris vessels and stroma in real time, thereby providing a more sensitive means than traditional histologic assessments to quantify cellular responses. As shown in Figure 1B , the ivt injection of LPS resulted in a significant increase in leukocyte rolling and adherence within the vasculature of the iris by 4 hours. A local injection of saline into the eye caused a small, transient increase in intravascular rolling or sticking, but few cells transmigrated into the iris stroma, and the increased adherence was not detectable 24 hours after the saline injection. Systemically administered LPS resulted in increased leukocyte rolling and adherence within the iris vasculature, comparable to that of ivt LPS, albeit some differences in kinetics were observed. Interestingly, in contrast to ivt LPS, ip LPS did not induce a cellular infiltrate that differed from that induced by saline after 4 hours and the number of infiltrating cells after 24 hours was approximately one third of the infiltration induced by ivt LPS at its peak (i.e., 4 hours; Fig. 1B) .
A simple explanation for this difference could be that there is a greater induction of inflammatory cytokines within the eye when the LPS is injected locally. Consequently, we injected LPS or saline, either ivt or ip, and measured four cytokines (IL-6, MCP-1, IFN␥, and RANTES) in the cornea, iris/ciliary body, retina, spleen, and plasma (Fig. 2) . Not surprisingly, we found that ip LPS (100 g) induced IL-6, MCP-1, RANTES, and IFN␥ production in the plasma and/or spleen, whereas the locally injected LPS (250 ng) did not have this effect. IFN␥ was not detected in eyes after either ip or ivt LPS injections. The other three cytokines, IL-6, MCP-1, and RANTES, were readily detected in cornea and iris/ciliary body after either injection, whereas expression in the retina was somewhat less. The amounts produced by the iris/ciliary body were comparable to the amounts produced by the spleen or detected in the plasma. Finally, the levels of these three cytokines in the iris after ip LPS were significantly greater than the levels after ivt LPS with the quantities of LPS that were studied. Since these same doses produced a discordant response in the extent of a cellular infiltrate, we cannot invoke a failure to induce cytokines as a mechanism by which ip LPS fails to cause a marked leukocytic response in the eye.
A well-known characteristic of LPS is that repeated exposure produces a pharmacologic tachyphylaxis or tolerance (meaning refractory state to subsequent LPS exposure). Mice were given a low-dose (25 g) ip injection of either LPS or saline, and 72 hours later, all mice received a 100-g ip LPS injection. As shown in Figure 3A (left), LPS pretreatment resulted in a reduced production of IL-6, MCP-1, or TNF␣ in the plasma in response to second LPS challenge (all have P Յ 0.01), which would be indicative of systemic tolerance Simi-larly, two ip injections of LPS revealed some tolerance within the eye, as judged by reduced ocular cytokine levels in comparison to those from mice pretreated with saline (P Ͻ 0.001 for MCP-1; the reduction was not statistically significant for IL-6 or TNF␣). In contrast, an ip injection of LPS did not consistently reduce the ocular cytokine production that resulted from an ivt injection of LPS 72 hours later (Fig. 3B) . No evidence of tolerance was seen in the levels of MCP-1 or TNF␣; although there was a nonsignificant trend toward reduced IL-6 levels. Figure 3A also shows that the level of TNF␣ induced in the eye by a single ip injection of LPS (i.e., from the saline pretreated mice) for this dosage and time point was relatively low-only 15% (P Ͻ 0.0001) of that detected in plasmawhereas the ocular MCP-1 and IL-6 levels were 37% (P ϭ 0.002) and 58% (P ϭ 0.15), respectively, of the level in plasma. Somewhat surprising is that, despite the robust cellular response to ivt LPS, very little TNF␣ was produced in the eye, and its levels were comparable to ip LPS (Fig. 3A) .
The activation of TLR4 by LPS induces a variety of intracellular negative regulators that dampen the inflammatory response. These intracellular signals contribute to endotoxin tolerance. 13 Three previously established negative regulators The indicated cytokines were measured by multiplex ELISA in dissected eye tissues (cornea, iris, and retina) along with spleen and plasma at 4 hours after injection. Tissues dissected from eight mice (16 eyes) were pooled, and three independent pools were assayed for each data point. Values are the mean Ϯ SEM, *P Ͻ 0.05 compared with saline treatment.
are A20, 14 SARM, and IRAK-M. We reasoned that a failure to induce any of these inhibitors by local LPS could account for a greater inflammatory response. As shown in Figure 4 , all three of these inhibitors can be detected by immunoblotting in eye tissue, and each is induced by locally injected LPS (Fig. 4A) . Interestingly, we find that locally injected LPS is comparable or even superior compared with ip LPS (Fig. 4B ) in inducing these important regulatory molecules.
We and others have called attention to the anti-inflammatory effects of LPS. For example, in rabbits, the intravenous injection of LPS results in a transient inability of the rabbit polymorphonuclear leukocyte (PMN) to respond to specific chemotactic stimuli. 15 Figure 5 shows that the effect of ip LPS in mice was dominant with regard to leukocyte infiltration of iris tissue. As measured by intravital microscopy, the simultaneous injection of LPS ip and ivt blocked the infiltration of leukocytes that ivt LPS would normally produce 6 hours later. At the time of the intravital microscopy, we found by flow cytometry that the peripheral blood leukocyte count was approximately 50% in the ip LPS-treated mice compared with that in the saline controls. Leukopenia, however, was not a likely explanation for the reduced infiltration, because the level of leukocyte rolling and adhering was not reduced significantly (indicating that there are adequate numbers of circulating leukocytes) and the reduction in infiltrating cells is far greater than the relative reduction in the peripheral white cell count. In a similar experiment, we found no difference in cell infiltration in response to ivt LPS in mice when the ip LPS injection preceded the ivt injection by 24 hours (data not shown). This indicates that the desensitization is transient, and it is consistent with a modest cellular infiltrate detectable in the iris 24 hours after ip LPS.
DISCUSSION
TLRs and other closely related molecules including the NLR (Nod-like receptor), CLR (C type lectin receptor) and RLR (retinoic acid-like receptor) families constitute the major initial mechanism by which mice and humans can recognize an invading pathogen. 16 The innate immune system plays a critical role in the development of autoimmune or immune-mediated diseases. For example, polymorphisms in TLRs or variations in the gene copy number for TLRs affect susceptibility to diseases which are generally attributed to an adaptive immune response such as systemic lupus erythematosus. 17 Most mouse models of autoimmunity require an adjuvant, which generally works by activation of a TLR or closely related NLR. In several animal models, the absence of bacterial flora in the gut has a marked ameliorating effect on the disease. 18 Bacterial cell walls are easily detectable in the synovium of patients with rheumatoid arthritis, 19 and one current theory is that oral flora greatly contribute to the autoimmune response characteristic of this disease. 20 Finally, mutations in one of the NLR family members, NOD2, result in autosomal dominant inflammation in both the joint and the uveal tract. 21 In light of the importance of the innate immune system in inflammation, even in diseases characterized by an adaptive immune response, it is critical to understand endotoxin-induced uveitis. Endotoxin-induced uveitis has been the prototypical model of acute inflammatory uveitis, yet some fundamental questions, such as why the mouse eye is so sensitive to locally administered LPS but not to systemic LPS exposure, have remained. Our study provides insight into the discordant effects of local versus systemic LPS in the eye.
Khan et al. 22 have also taken note of the differing effects of LPS when injected locally versus systemically, although they have not reported on ocular studies. Similar to our observations, they have reported that systemic LPS has a minimal inhibitory effect on rolling or adhesion and a marked effect on extravasation. Their data support an impaired ability of leukocytes to migrate in response to the chemotactic factor, MIP-2, after these cells are exposed to LPS. 22 They attribute this to an effect of LPS on the MAP kinase signaling pathway. We have demonstrated in rabbits that intravenously injected LPS results in a marked reduction of the neutrophil response to complement-dependent inflammation in the skin, 15 and it causes a downregulation of the receptors for C5a, leukotriene B4, and F-met-leu-phe. 23 An inability to migrate in response to chemotactic stimuli could account for the minimization of a cellular infiltrate in the eye after ip LPS but not after ivt LPS.
Like virtually all responses in the body, the response to LPS is marked by checks and balances. Some intracellular molecules, including A20, SARM, 24 SOCS, 25 and IRAK-M, 13 are known to be induced by LPS and in turn act to dampen the inflammatory response. The response to LPS can also be modified at the level of the TLR4 receptor, which may involve the receptor itself or an accessory, cell-surface molecules like CD14 or SIGIRR. 26 Cytokines such as IL-10, MCP-1, and IFN␤ can also participate in modifying the response to LPS. Our failure to find a reduction in A20, SARM, or IRAK-M does not exclude a potential role for one of these other factors in the eye, which could contribute to the eye's sensitivity to locally administered LPS.
Our study has several additional limitations. It may be that we would have arrived at different conclusions if we had measured different cytokines or a different index of inflammation, such as vascular permeability or prostaglandin synthesis. We did not test our hypotheses in detail in multiple strains of mice or at other time points; however, we have observed similar cell trafficking and cytokine responses after ip and ivt injections of LPS into C57BL/6 mice at 4, 6, and 24 hours after injection (data not shown).
We are intrigued by the hypothesis that the mouse eye makes relatively small quantities of specific cytokines such as TNF␣, but we consider this observation to be preliminary, as the reduction was relative, not absolute, and other doses, time points, or strains might yield different results. In unpublished studies, we have also noted that the anti-inflammatory cytokine IL-10 is relatively difficult to detect in the mouse eye, consistent with what has been observed in aqueous humor of patients with uveitis. In fact, a high level of IL-10 in human aqueous humor suggests lymphoma rather than an inflammation. 27 Although the unique sensitivity of the eye to LPS remains a mystery, the measurements of IL-10 and TNF␣ in the mouse eye may be a clue. TNF␣ is generally considered an inflammatory mediator, but it, too, has anti-inflammatory effects. TNF␣ can block the development of renal disease in a murine model of lupus 28 and can dampen inflammation triggered from brain ischemic injury. 29, 30 Although the inhibition of TNF␣ is frequently used to treat diseases ranging from rheumatoid arthritis to psoriasis, the inhibition of TNF␣ can be complicated by the development of inflammation including uveitis, 31 multiple sclerosis, drug-induced lupus, 32 or psoriasis. 33 The low levels of TNF␣ in the eye after LPS injection are consistent with the inability of TNF␣ inhibition to affect endotoxin-induced uveitis as reported by us and others. 34, 35 TGF␤ is abundant in aqueous humor, 36 and this protein is known to downregulate the production of IFN␥ and TNF␣ in tissue culture studies. 37 Thus, our observations indicate that systemic and locally injected LPS both induce cytokine synthesis in the eye, but more robustly for some cytokines compared to others; that both ip and ivt LPS induce the intracellular regulators of TLR4 activation, A20, SARM, and IRAK-M; and that the failure of ip LPS to induce cellular infiltration in the mouse eye is probably accounted for by a transient inability of endotoxin-exposed mouse leukocytes to infiltrate iris stroma in response to chemotactic stimuli.
